Neurog3 (Neurogenin 3 or Ngn3) is both necessary and sufficient to induce endocrine islet cell differentiation from embryonic pancreatic progenitors. Since robust Neurog3 expression has not been detected in hormone-expressing cells, Neurog3 is used as an endocrine progenitor marker and regarded as dispensable for the function of differentiated islet cells. Here we used 3 independent lines of Neurog3 knock-in reporter mice and mRNA/protein-based assays to examine Neurog3 expression in hormone-expressing islet cells. Neurog3 mRNA and protein are detected in hormoneproducing cells at both embryonic and adult stages. Significantly, inactivating Neurog3 in insulin-expressing ␤ cells at embryonic stages or in Pdx1-expressing islet cells in adults impairs endocrine function, a phenotype that is accompanied by reduced expression of several Neurog3 target genes that are essential for islet cell differentiation, maturation, and function. These findings demonstrate that Neurog3 is required not only for initiating endocrine cell differentiation, but also for promoting islet cell maturation and maintaining islet function.
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endocrine progenitor ͉ maintenance ͉ pancreas ͉ diabetes ͉ sugar metabolism I t is well established that the basic helix-loop-helix transcription factor Neurog3 has an essential role in pancreatic endocrine cell differentiation. All such endocrine islet cells are derived from Neurog3 ϩ (positive) precursors (1, 2) and Neurog3 deficiency virtually abolishes islet cell differentiation (3, 4) . Moreover, ectopic Neurog3 expression converts early endodermal progenitor cells into endocrine islet cells (5) (6) (7) (8) , and Neurog3 controls the expression of multiple genes that influence both endocrine differentiation and function (3, 9, 10) . Because Neurog3 has not been detected in differentiated islet cells, its expression in the adult pancreas is proposed as a marker for putative endocrine progenitors (2, 11) .
Contradictory findings exist regarding Neurog3 expression in the adult pancreas. Several reports have shown Neurog3 expression in WT adult islet cells (2, (12) (13) (14) , and this expression is enhanced by regenerative conditions (11) (12) (13) . Yet these analyses have failed to establish whether Neurog3 expression is restricted to only a few putative endocrine progenitor cells at a high level, or whether Neurog3 is also present in differentiated islet cells at a low level. Nor is it clear how the sustained Neurog3 expression impacts endocrine function. Here we have used a combination of knock-in reporter mice, immunoassays, and loss-of-genefunction studies to show that differentiated hormone ϩ islet cells continue to express Neurog3, and that Neurog3 is important for both islet cell production and function.
Results

Knock-In Reporter Mice Reveal Neurog3 Expression in Adult Islet Cells.
Three independent Neurog3 knock-in mice were used to examine Neurog3 expression in the adult pancreas (Fig. 1A) . In Neurog3 tTA , an IRES-tTA-PolyA cassette replaced the endogenous Neurog3 coding sequences (Fig. S1 A and B) . Production of tTA, as a surrogate of Neurog3 expression, was examined with the strictly tTA-dependent reporter line, TetO LacZ (15, 16) . At embryonic days (E) 12.5 and 16.5 and postnatal day 7, and in the absence of doxycycline (Dox; the presence of which inhibits tTA activity), Neurog3 tTA ;TetO
LacZ pancreata expressed LacZ in a subset of pancreatic cells reminiscent of Neurog3-expressing cells or their descendents (Fig. S1 C and D) , suggesting that expression of the Neurog3 tTA allele faithfully recapitulates that of endogenous Neurog3.
The pancreata of 9-week-old Neurog3 tTA ;TetO LacZ animals were stained for ␤-galactosidase (␤-Gal) expression in the absence of Dox. Large proportions of islet cells expressed robust levels of ␤-Gal (Fig. 1B) . Because ␤-Gal has a half-life of Ϸ30 h in mammalian cells (17) , and islet cells are constantly dividing, the detected ␤-Gal molecules were likely produced within a short period before our assay instead of the residual protein being made during embryogenesis. Indeed, when Neurog3 tTA ;TetO LacZ animals were treated with Dox until 1 week of age (to repress LacZ expression during embryogenesis and first week of postnatal life), a large number of islet cells were found to activate LacZ expression at 8 weeks (Fig. S1E ), demonstrating that ␤-Gal could be expressed in islet cells 1 week after birth in the Neurog3 tTA ;TetO LacZ animals. We examined a large number of tissue sections from pancreata of 9-week-old Neurog3 tTA ;TetO LacZ animals and did not detect any exocrine cells with ␤-Gal.
The above findings were verified by using a Neurog3 CreERT allele in which the 5Ј 150 base pairs of the Neurog3 coding region were replaced by CreER T cDNA (4). CreER T remains cytoplasmic and inactive, and unable to recombine LoxP sites in the absence of tamoxifen (TM). The conditional R26R EYFP (18) reporter line was used to monitor for the presence of CreER T . In R26R EYFP mice, enhanced yellow fluorescent protein (EYFP) is ubiquitously expressed under Rosa26 promoter control, but in a strictly Cre-dependent manner. In Neurog3 CreERT ;R26R EYFP adult mice, no pancreatic cells expressed EYFP without TM (6) . Seven days after the administration of TM to 7-week-old adult
Neurog3
CreERT ;R26R EYFP mice, up to 4.5% of the 4 major islet cell types expressed EYFP (Fig. 1C) .
The above findings led us to examine enhanced green fluorescent protein (EGFP) expression in the pancreata of Neurog3 EGFP knock-in mice (19) , a line in which EGFP expression was reportedly absent in the adult pancreas (13, 20) . By using confocal microscopy, weak yet visible EGFP fluorescence (enriched in nuclei) was seen in a large number of islet cells from Neurog3 EGFP animals at 2, 4, and 6 months of age (Fig. S2) . A rabbit anti-EGFP antibody further verified the presence of EGFP in a large portion of adult islet cells (Fig. 1D) . Notably, no exocrine cells were found to express EGFP (Fig. S2) . Not all islet cells exhibit EGFP signals. It is not clear whether this lack of EGFP signal in all islet cells is due to limited EGFP detection sensitivity or variation in Neurog3 expression between different islet cells.
Neurog3 mRNA and Protein can be Detected in Hormone-Expressing
Islet Cells. The above analyses demonstrate that Neurog3 expression is maintained in the adult pancreas, albeit at low levels, and with the caveat that all 3 knock-in alleles studied inactivate Neurog3 and thus may exhibit a Neurog3 haploinsufficiency phenotype. Additionally, because there could be a time-lag between Neurog3 activation (as represented by CreER T or tTA expression) and the EYFP and ␤-Gal production, it is not clear whether Neurog3 expression is restricted to differentiated islet cells or putative islet progenitors (which express Neurog3 and quickly relocalize to the islets) or both. For this reason, we sought to directly examine the expression of Neurog3 in WT adult islet cells by using RT-PCR, protein blot, and immunofluorescence (IF) methods in 2-month-old mice.
Adult islets were isolated and analyzed for Neurog3 transcription. Consistent with published findings (12, 13) , Neurog3 transcripts were readily detected by RT-PCR in the WT adult islet cells ( Fig. 2A) .
When blotted with a guinea pig anti-Neurog3 or a rabbit anti-Neurog3 antibody (2, 21) , multiple protein bands were detected in islet nuclear extract ( Fig. 2B and Fig. S3A ). The mobility of the protein closely matches that of recombinant Neurog3 produced in HEK293 cells and Neurog3 in E15.5 or E16.5 WT pancreatic buds. Importantly, the putative Neurog3 bands were absent in the Neurog3 Ϫ/Ϫ pancreas and substantially reduced in the islets of Neurog3 F/F ;Ins2
Cre adults, where Neurog3 should be inactivated in most, if not all, ␤ cells (see below). Consequently, preabsorbing the Neurog3 antibodies by using Neurog3 produced in HEK293 cells caused a specific block in the detection of the Neurog3 signal (Fig. S3B) . Interestingly, Neurog3 produced in transfected cells resolved into 4 major bands, whereas the putative Neurog3 in isolated islets and in embryonic pancreases appeared as 3 species (Fig. 2B) . Although the presence of multiple Ngn3 species suggests the possibility of posttranslational modification of Neurog3, neither the basis nor implications of this finding are currently known.
IF-based assays on mildly fixed pancreatic cryosections (see Materials and Methods) using a guinea pig anti-Neurog3 antibody showed that a substantial number of hormone-expressing cells express Neurog3 at E18.5 and in the adult pancreas ( Fig. 2 C and  E) . Notably, 2 types of Neurog3 ϩ cells were found in the E18.5 pancreas. A small population of cells (Ϸ2-5% of all endocrine clusters) produces a relatively higher level of Neurog3 based on their brighter IF signal (Fig. 2C ). These cells do not express detectable insulin c-peptide or other islet hormones. A majority of cells express a low level of Neurog3 and they coexpress hormones. As expected, the Neurog3 Ϫ/Ϫ -null pancreas showed no Neurog3 signal in any cells, verifying the specificity of the guinea pig anti-Neurog3 antibody (Fig. 2D) . Similar to E18.5, large portions of islet cells in WT, Neurog3 F/F , and Ins2
Cre adult pancreata express Neurog3 (Fig. 2E) . In some cells the Neurog3 nuclear signal appears higher than in others, yet we could not find any cells that express Neurog3 at a level as high as that in embryonic endocrine progenitors. We verified the Neurog3 signal by inactivating Neurog3 in Neurog3 F/F ;Ins2
Cre animals. This arrangement allows ␤ cells to be generated, yet not produce Neurog3. Indeed, the number of Neurog3 ϩ islet cells was largely reduced, although some Neurog3 ϩ cells remained at the periphery of islets (presumably non-␤ cells, or ␤ cells escaping recombination) (Fig. 2F) . Because of the light fixation, endocrine hormone signals appeared diffuse, and we could not identify the exact islet cell type(s) that express Neurog3 by using the guinea pig antibody. We also examined Neurog3 production in the adult islet cells by using a mouse monoclonal Neurog3 antibody (22) and a rabbit anti-Neurog3 (2). Both antibodies produced high background in lightly fixed postnatal islets, making it impossible to discern whether a true Neurog3 signal exists.
Neurog3 Expression Is Maintained in All Islet Cell Types. To understand the potential functional significance of Neurog3 expression in hormone ϩ cells, we determined which islet cell type(s) maintain Neurog3 expression, and we chose EGFP production as a marker for Neurog3 expression. Because EGFP has a half-life of Ϸ26 h in mouse cells (23) , detectable EGFP is unlikely to survive beyond 2 months after birth if Neurog3 EGFP expression is turned off after birth. EGFP can survive harsh fixation, which is required for clear cellular resolution hormone detection. In the 2-and 6-month-old pancreata, double immuno-IF assays showed that all islet cell types maintain Neurog3 expression (Fig. 2 G-J) , suggesting that Neurog3 may have a general role for endocrine cell maintenance, either for survival or function. We also examined whether any hormone Ϫ (negative) cells express Neurog3, which may potentially represent adult islet progenitor cells. Only rarely do we find EGFP ϩ cells remain hormone Ϫ (Ͻ1% of total EGFP ϩ cells; see Fig. S4 ). At present, we do not know whether these EGFP ϩ hormone Ϫ cells are putative endocrine progenitors.
Neurog3 Plays a Functional Role in Newly Born ␤ Cells. We next sought to determine whether Neurog3 expression in differentiated ␤ cells plays a role in islet cells. Neurog3 was efficiently inactivated in newly born insulin ϩ cells in Neurog3 F/F ;Ins2
Cre animals ( Fig. 2F) via Cre recombination, which we verified to be restricted to insulin-producing ␤ cells (24) (Fig. S5) . WT, Ins2 Cre , and Neurog3 F/F animals were used as controls. The fasting blood glucose levels of these 4 groups of animals showed no significant variation at 6 weeks of age (Fig. 3A) . By 13 weeks after birth, male Neurog3 F/F ;Ins2 Cre animals displayed significantly higher fasting blood glucose levels than the control groups (Fig. 3A) , suggesting that loss of Neurog3 in ␤ cells compromises islet function. These findings demonstrate that Neurog3 expression in insulin-producing ␤ cells affects overall/global glucose homeostasis, which was most clearly evident in male animals. Male mice were chosen because they tend to be more sensitive to attenuation of endocrine function (25 deficiency in ␤ cells. Indeed, six-week-old Neurog3 F/Ϫ ;Ins2
Cre animals, in this case both males and females, displayed significantly higher fasting blood glucose levels compared with Neurog3 ϩ/Ϫ ;Ins2 Cre and Neurog3 F/Ϫ control animals (Fig. 3B) . These findings further demonstrate that Neurog3 expression in ␤ cells contributes to endocrine function.
We also examined whether Neurog3 deficiency in insulin ϩ cells affects the expression of insulin, Glut2, Myt1, MafA, MafB, NeuroD1, Nkx6.1, Pax4, and Pdx1 in E18.5 embryonic pancreata. These genes were chosen because their expression depends on Neurog3 and they are known to play roles in endocrine cell differentiation and function. E18.5 embryos were selected to examine the primary effect of Neurog3 inactivation before the pancreatic function was required for postnatal life, which may feed back, resulting in secondary effects on expression of these genes.
We first scrutinized possible Ins2 Cre toxicity to ␤ cells. E18.5 pancreata of Neurog3 ϩ/Ϫ and Neurog3 ϩ/Ϫ ;Ins2 Cre animals were collected for section-based immunoassays or quantitative RT-PCR (QRT-PCR). IF staining and QRT-PCR results showed that the presence of Cre does not significantly affect the transcription of the above genes (Fig. S6 A, B, and J) , demonstrating the lack of overt Cre toxicity on gene expression in ␤ cells at this stage.
Protein production of the above genes in E18.5 Neurog3 F/Ϫ and Neurog3 F/Ϫ ;Ins2
Cre pancreata was analyzed. Qualitative evaluation from side-by-side IF staining suggested that the levels of insulin, glucagon, Glut2, MafB, Myt1, Nkx6.1 and Pdx1, on a per-cell basis, were not appreciably affected by loss of Neurog3 in insulin-expressing ␤ cells (Fig. S6 C-H) , whereas MafA expression was considerably reduced in the Neurog3 F/Ϫ ;Ins2
Cre pancreas compared with controls ( Fig. 3 C and D) . NeuroD1 and Pax4 were not examined because of the lack of suitable, wellcharacterized antibodies.
QRT-PCR assays showed that Glut2 and MafB mRNA levels were not significantly affected by Neurog3 inactivation in ␤ cells. Yet the mRNA levels of insulin, MafA, Myt1, NeuroD1, and Pax4, all of which are required for ␤ cell differentiation/maturation, in Neurog3 F/Ϫ ;Ins2
Cre pancreas, were significantly reduced compared with the Neurog3 F/Ϫ pancreas (Fig. 3E) . We could not detect Neurog3 mRNA reduction at this stage (Fig. 3E) , possibly due to the presence of a significant number of Neurog3 ϩ progenitor cells whose high Neurog3 expression could not be inactivated by Ins2 Cre . Because we did not detect significant ␤ cell mass variation between Neurog3 F/Ϫ ;Ins2
Cre and Neurog3 F/Ϫ animals (Fig. S6I) , this reduction in gene expression indicates that a loss of Neurog3 in insulin-producing cells delayed the maturation of the ␤ cells (26) . One notable finding here is that, although we detected significant reduction in insulin and Myt1 mRNA levels in the Neurog3 F/Ϫ ;Ins2
Cre animals over that of the controls, we did not observe any apparent decrease in either insulin or Myt1 protein by using confocal microscopy. The underlying reason(s) for this discrepancy are not known, although one possibility is the low sensitivity of IF-based assays for protein level quantification.
Sustained Neurog3 Expression in Young Adult Islets Contributes to
Endocrine Maintenance. We next examined whether sustained Neurog3 expression in mature islet cells contributes to endocrine function/maintenance. We used the TM-inducible Cre deleter, Pdx1 CreERT (2) for this study. One-month-old Neurog3 F/F ;Pdx1
CreERT animals were administered with TM. At this stage, Pdx1
CreERTbased recombination was mostly restricted to insulin-expressing ␤ cells (2) . As controls, Neurog3 F/F ;Pdx1 CreERT mice were administered with vehicle, and Neurog3 F/F animals were administered with TM. Six weeks after TM administration, TM-administered male Neurog3 F/F ;Pdx1
CreERT animals showed a trend of compromised glucose tolerance capability, although this glucose tolerance reduction did not attain statistical significance (Fig. 4A) . Ten weeks after TM administration, TM-administered males, but not females, showed a significant decrease in glucose tolerance (Fig. 4A) .
We also tested the effect of Neurog3 inactivation in Neurog3
animals, in which Neurog3 haploinsufficiency renders them more sensitive to a loss of endocrine function. One-month-old Neurog3 F/Ϫ ;Pdx1
CreERT animals were administered with TM. Four weeks later, TM-treated male animals displayed a significant (P Ͻ 0.01) increase in their fasting blood glucose levels compared with control littermates (Fig. 4B) . The differences between the experimental and control groups increased with time, so that by 12 weeks after TM injection, hyperglycemia (a blood glucose level higher than 250 mg/dL) occurred in most of the TM-treated males but rarely in controls (Fig. 4B) . Fasting blood glucose levels of female Neurog3 F/Ϫ ;Pdx1
CreERT animals did not significantly vary with or without TM administration (Fig. S7A , data at "0" min). However, intraperitoneal glucose tolerance testing (IPGTT) showed that 2 and 3 months after TM administration, TM-treated Neurog3 F/Ϫ ;Pdx1
CreERT females displayed significantly decreased glucose tolerance compared with control animals (Fig. S7A) . Consistent with this phenotype, postglucose-challenge-serum-insulin levels in TM-treated Neurog3 F/Ϫ ;Pdx1
CreERT males were significantly reduced 12 weeks after treatment compared with control animals (Fig. S7B) .
Next we examined whether sustained Neurog3 expression in the adult ␤ cells regulates cell division and cell survival. Ten days after TM administration, both mitotic and cell-death indices remained similar in islets of Neurog3 F/F and Neurog3 F/F ; Pdx1
CreERT animals (Fig. S8) . These data suggest that Neurog3 in mature islet cells regulates ␤ cell function, but not cell division or cell death.
Finally, we investigated whether Neurog3 regulates the same set of genes in adult ␤ cells as in newly born insulin ϩ cells (see above). Ten days after TM administration in 1-month-old Neurog3 F/F ;Pdx1
CreERT animals, a time at which the animals still showed normal glucose homeostasis, gene expression in the islets was examined by QRT-PCR and IF. As expected, QRT-PCR showed that Neurog3 mRNA in TM-treated Neurog3 F/F ; 
Pdx1
CreERT islets was substantially reduced (Fig. 5A) . The mRNA levels of insulin, Glut2, and MafA, but not of MafB, Myt1, NeuroD1, Nkx6.1, Pax4, and Pdx1, were significantly downregulated (Fig. 5A) . Accordingly, MafA, and Glut2 protein levels in the TM-treated islets were significantly reduced ( Fig. 5 B and  C) . To our surprise, insulin IF staining did not appear reduced, despite a Ͼ3-fold reduction in insulin mRNA levels ( Fig. 5 B and  C) . Because we could not detect statistically significant variation in insulin secretion in isolated islets of TM-treated and control Neurog3 F/F ;Pdx1
CreERT animals 10 days after TM administration, we do not know the underlying reason for the discrepancy. Notwithstanding, these combined studies suggest that sustained Neurog3 expression in adult islet cells is required to maintain a high level expression of some endocrine genes, which are necessary for proper endocrine function.
Discussion
During endocrine islet-cell differentiation, robust Neurog3 expression was only detected transiently in hormone Ϫ endocrine progenitor cells (11) . Thus, Neurog3 expression has been proposed as an exclusive marker for islet progenitors in both embryonic and adult pancreata (2, 5, 27) . Although Neurog3 mRNA expression in adult pancreata has been documented consistently (2, (12) (13) (14) , the presence of Neurog3 protein in adult pancreata was only recently reported in a pancreatic ductligation regeneration model (11) . These data have led to the hypothesis that posttranscriptional regulation plays a role in controlling Neurog3 activity (13, 28) , and only under specific conditions could Neurog3 be produced to facilitate neogenesis in the adult pancreas (11) .
Here we present several independent lines of evidence to show that Neurog3 is both transcribed and translated in a large portion of hormone-expressing islet cells at both embryonic and adult stages under normal physiological conditions. We show that Neurog3 inactivation in ␤ cells of newly born or adult mice results in down-regulation of the expression of several genes required for endocrine differentiation and function. The genes whose expression was most severely affected by Neurog3 inactivation were insulin and MafA, 2 genes that are associated with ␤ cell maturation. In contrast, the expression of NeuroD1 and Nkx6.1 was reduced only by smaller degrees, which suggests that, unlike in embryonic progenitors where the expression of Nkx6.1 and NeuroD1 depends on Neurog3 activity (3), expression of these factors is less dependent on Neurog3 in ␤ cells.
It is presently unclear how Neurog3 contributes to endocrine function after endocrine differentiation. Although our data clearly demonstrate the presence of Neurog3 transcript and protein in the adult mouse pancreas, the level of the protein is much lower than in endocrine progenitor cells at embryonic stages. It is likely that a transient, high Neurog3 expression modifies the chromatin structure to allow cells to gain autonomy along the endocrine differentiation pathway (8, 29) . A sustained low level of Neurog3, after full endocrine differentiation, allows cells to maintain their chromatin structure that favors the expression of genes required for islet cell function. By far, the expression of many genes has been shown to rely on Neurog3 (9, 10) . However, the absence of a highly specific and high-affinity Neurog3 antibody has prevented the comprehensive study of how Neurog3 interacts with it transcriptional target DNA sequences to regulate gene activity. To fully understand how Neurog3 regulates gene expression and islet cell function will likely require a comprehensive microarray-based expression analysis of sorted ␤ cells, generation of high quality Neurog3 antibodies, and subsequent Neurog3-DNA promoter binding assays.
Overall, our findings reveal a previously unsuspected role for Neurog3 in islet cell maturation and functional maintenance after initial endocrine differentiation. These results highlight the inherent deficiency when Neurog3 expression is used as an endocrine progenitor marker without examining whether the specific Neurog3 ϩ cells are mature endocrine islet cells (2, 11) . However, the detection of Neurog3 expression in mature islet cells does not prevent the utilization of Neurog3 expression as a marker for neogenesis in the adult pancreas, due to low Neurog3 levels in the hormone-expressing cells. By separating Neurog3 hi and Neurog3 lo cells in the adult pancreas, it is possible to distinguish putative endocrine progenitor cells from differentiated islet cells (11) . Finally, our findings raise the possibility that Neurog3 over expression in mature islet cells could be used to boost endocrine islet function in diabetic conditions.
Materials and Methods
Mouse Strains and Care. Routine mouse crosses used ICR or CD1 mice (Charles River Laboratories). The Neurog3 CreERT , TetO Lacz , Ins2 Cre , and Pdx1 CreERT alleles were described previously (2, 4, 16, 24, 30) . Neurog3 EYFP and R26R EYFP mice were kind gifts from K. Kaestner (University of Pennsylvania School of Medicine, Philadelphia) and F. Costantini (Columbia University Medical Center, New York), respectively (18, 19) . All animals used for IPGTT assays were maintained on a mixed genetic background, with roughly 50% 129Sv/Ev ϩ 25% CD1 ϩ 25% CBA/Bl6 composition (estimated from the number of intercrosses). Genotyping and TM administration followed published methods (2, 4, 16, 30) .
Neurog3 tTA Mouse Derivation. DNA oligonucleotide sequences are listed in Table S1 . The IRES-tTA cDNA was cloned using 2 PCR steps. First, 2 PCRs were used to amplify IRES (oligos ires1 ϩ ires2) and tTA cDNA (tTA1 ϩ tTA2) separately. Templates were pIGpuxI (a kind gift from G. Mellitzer, INSERM, Strasbourg, France) and Pdx1 tTA (a kind gift from R. MacDonald, University of Texas Southwestern, Dallas), respectively. Second, the above PCR products (which overlapped) were used as templates to generate IREStTA using ires1ϩ tTA2. In parallel, Neurog3-SpeI-EGFP was digested with SpeI and ligated with the 3.3Kb fragment from a pSL1180 vector digested with SpeI/XbaI to generate pSL1180-Neurog3-SpeI-EGFP vector (pSL1180 and pNeurog3-SpeI-EGFP were gifts from G. Mellitzer). The IRES-tTA fragment was then inserted into pIGpuxI by using XhoI ϩ MluI digestion to generate pIGpuxI-IREStTA. Finally, 
